Photoluminescence of polycrystalline hexagonal boron nitride (hBN) was measured by means of time-and energy-resolved spectroscopy methods. The observed bands are related to DAP transitions, impurities and structural defects. The excitation of samples by highenergy photons above 5.4 eV enables a phenomenon of photostimulated luminescence (PSL), which is due to distantly trapped CB electrons and VB holes. These trapped charges are metastable and their reexcitation with low-energy photons results in anti-Stockes photoluminescence. The comparison of photoluminescence excitation spectra and PSL excitation spectra allows band analysis that supports the hypothesis of Frenkel-like exciton in hBN with a large binding energy.
Abstract.
Photoluminescence of polycrystalline hexagonal boron nitride (hBN) was measured by means of time-and energy-resolved spectroscopy methods. The observed bands are related to DAP transitions, impurities and structural defects. The excitation of samples by highenergy photons above 5.4 eV enables a phenomenon of photostimulated luminescence (PSL), which is due to distantly trapped CB electrons and VB holes. These trapped charges are metastable and their reexcitation with low-energy photons results in anti-Stockes photoluminescence. The comparison of photoluminescence excitation spectra and PSL excitation spectra allows band analysis that supports the hypothesis of Frenkel-like exciton in hBN with a large binding energy.
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I. Introduction.
Optical and fluorescence properties of hexagonal boron nitride deserved particular interest during last decade since the first observation of an intense far-UV exciton emission 1, 2 making this material a candidate for use in new light-emitting devices. A successful synthesis of high-purity single crystal samples initially at high-P,T 1, 2 and later at atmospheric conditions 2 enabled this achievement. Accordingly, understanding of the electronic band and exciton structure of hBN becomes even more important issue as it serves a basic system for single-wall 3, 4 and multi-wall boron nitride nanotubes [5] [6] [7] [8] [9] .
Despites of many efforts in the past, the electronic properties of hBN remain largely unknown. They have been earlier studied by luminescence 1, [10] [11] [12] [13] [14] [15] [16] [17] , optical reflectance and absorption [18] [19] [20] [21] , photoconductivity 22 , x-ray emission [23] [24] [25] , inelastic x-ray scattering [26] [27] [28] , x-ray absorption 25, 29, 30 optical properties of hBN are highly required. In particularly, energy-and time-resolved photoluminescence methods provide valuable information about excitonic and interband transitions. Moreover, in polycrystalline samples energy transfer to impurities and defects may inhibit these intrinsic transitions and strongly affect the fluorescence spectra. However, the energy transfer is specific to excitation energy and the relevant excited states can be experimentally resolved.
In the present article we report on detailed analysis of the defect-related intraband luminescence of hBN. Important information about intrinsic properties of hBN is obtained by combining two experimental approaches: time-and energy-resolved photoluminescence and photostimulated luminescence. The discussion is organized as follow. The experiment is described in section II and experimental results are presented on the section III. In section IV-A we discuss the nature of the observed luminescence bands. Finally, in section IV-B, careful comparison between photoluminescence excitation (PLE) and photostimulated luminescence (PSL) excitation spectra brings more precision to exciton and bandgap transitions of hexagonal BN.
5
The luminescence properties of the samples were studied using VUV synchrotronradiation (SR) source of DORIS storage ring at HASYLAB (DESY, Hamburg). The facility of the SUPERLUMI station used in the experiments is described in details elsewhere 36 . 
Complementary, luminescence decay curves were measured at fixed excitation and luminescence photon energies. The recorded spectra were corrected for the primary monochromator reflectivity and SR current.
The photostimulated luminescence (PSL) excitation spectra of pd-hBN samples were measured at the BL 52 beamline of MAX-lab synchrotron (Lund Sweden). The experiment built up by the Tartu group is described in ref 37, 38 . At each excitation energy exc E the sample was irradiated by a fixed number of UV or VUV photons (2.5·10 6 counts) in the energy region of exc E = 5-15 eV. After completing the dose, the irradiation was stopped and the phosphorescence decay was measured. When the phosphorescence intensity drops until almost zero (PM noise level) that typically happens after few minutes, the sample was activated by a bright spectroscopic source at hν=2.0±0.5 eV through a double-prisms monochromator DMR-4 and the time dependence of PSL intensity was recorded. The integral PSL intensity was taken as a measure of the number of recombined electron-hole pairs.
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The time-resolved photoluminescence method allows separating several contributions of superposed luminescence bands if their respective lifetimes are noticeably different. This is the case of the structured and continuous broadband emissions around 4 eV. Figure 3 .a shows the total PLE spectrum measured at E lum = 3.73 eV. The last corresponds to the peak (γ) of the structured emission and is close to the maximum of the broadband emission. Two principal features can be distinguished in this spectrum: (i) a sharp onset at 4.09 eV followed by a decrease of the luminescence intensity until nearly zero at E exc = 4.9 eV, and (ii) a strong peak at 5.95 eV preceded by a weak structured footer that begins at 5.0 eV. The PLE spectra obtained with short and long time windows are displayed in broadband and structured emissions. We now assign the structured UV emission to impurities (probably, C) and the broadband emission to deep donor-acceptor pair (DAP) of strongly localized center. These assignments will be discussed below in section IV-A.
B -Photostimulated luminescence in hBN powder samples.
The photostimulated luminescence arises from the trapping of free charge carriers in distant lattice sites with subsequent recombination of carriers released from these traps by a visible light 38 . The charge separation and trapping can result from different excitation processes listed below and depicted in Figure 4 :
The band-to-band transitions (Equation 1) or impurity-band ionization (Equations 2-3) are the most likely contributions to PSL. In these cases at least one of photoexcited charge carriers Figure 5 shows the PM dark noise). However, at 60 . 5 ≥ exc like a plateau in Figure 5 . We ascribe this long component to the recombination of charges trapped at large distance tending to infinity.
The observed phosphorescence might also be related to the "dark" (dipole forbidden) exciton states theoretically predicted in hBN by Wirtz et al. 35 . The authors suggested a coupling between the "white" (dipole allowed) and "dark" exciton states, which makes them appear in the absorption spectra of hBN monocrystals reported by Watanabe et al 1 .
However, we disregard their contribution in PSL experiments since the phosphorescence is already observed at Figure 5 ), which is well below the exciton energy in hBN. Moreover, PSL is related to the states with infinite lifetime (excited above 5.5 eV), which depopulation is only triggered by light. In contrast, the hypothetic "dark" states become accessible when the crystalline symmetry is broken through defects or limited sample quality: this is our case, since no free exciton emission has been observed. Accordingly, the singlet and triplet exciton are expected to be strongly coupled in our polycrystalline hBN samples and their lifetime is short (sub-nanosecond). In this case no long-lived exciton states are expected.
The PSL excitation spectrum is represented by open circles in Figure 6 . The full measured spectrum is shown in the insert of the figure for indicative purposes. In the following, we will discuss the PSL phenomenon specific to excitation energies ranging from 5 to 7 eV. The signal shows up appreciably at 50 5 . 
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For the sake of the discussion we have superimposed in Figure 6 the PLE spectrum of the near band edge luminescence at eV
. This emission was discussed in details in our previous publication 17 and has been assigned to the radiative recombination of the so called quasi donor acceptor pair (q-DAP).
IV. Discussion.
A -Luminescence of polycrystalline hBN samples
The structured UV luminescence ( . Some authors have assigned it to intrinsic luminescence of hBN molecular layers 47 or to phonons assisted band edge luminescence 42 . However, recent experiments 1 and theoretical calculations 34 indicate the hBN bandgap energy in the range from 6 to 6.5 eV that disables these interpretations. Others authors 45, 49, 50 claimed that the structured luminescence is due to transition between the conduction band and acceptor carbon atom at substitutional N site. Recently, experimental evidence of the correlation between carbon and oxygen contents in hBN samples and intensity of the structured luminescence has been given 51 .
In a recent publication 39 signifies a stronger matrix interaction with the impurity in the excited state.
We do not evidence the impurity involved in the luminescence process in current experiments. However, we can guess about the influence of carbon with more or less confidence. Recent experiments reveal that the structured luminescence strongly shows up in hBN samples contaminated by carbon and oxygen 51 . This result is consistent with our previous results 39 and is supported by our complementary photoluminescence experiments carried out with a pyrolytic BN sample (pBN). These experiments will be described in details in a forthcoming article 53 . The pBN is a high purity material, free of carbon compound, obtained by gas-phase reactions between BCl 3 and NH 3 at 2300 K and deposition on a Si
hal-00332884, version 1 -22 Oct 2008
substrate (CVD method). Actually, pBN sample exhibits no structured emission around 4 eV whatever the excitation energy is. Its excitation by energy photon above 4.5 eV uniquely results in a continuous emission band similar to that observed in hBN 53 . Moreover, the PLE spectrum of hBN ( Figure 3 ) is rather complicated with a first edge at 4.09 eV and a second one at 5.2 eV. This may indicate that the defect involved in the radiative process has at least two excited levels separated by 1.1 eV positioned within the bandgap. Since, the substitutional carbon impurity at nitrogen site (C N ) is supposed to introduce two energy levels split by ~0.8 eV in the energy range 3.2 -4.9 eV below the conduction band of hBN, 50 its participation in the luminescence process is most likely.
We discuss now the nature of the broad luminescence band observed in hBN powder sample under photoexcitation above 5 eV. Due to its long and multi exponential decay (curve (ε) in figure 2), we assign this luminescence to radiative recombination of deep donor and acceptor pairs (DAP):
We remark that this deep DAP is different from that related to the 5.3-eV emission (q-DAP 17 ).
As 
B -Photo-stimulated luminescence and band gap transitions of hBN
As we have already mentioned, the PSL excitation onset cannot be a measure of bandgap energy. However in combination with PLE spectra, PSL excitation spectra can provide valuable information concerning exciton and band edge energy positions. Below we will discuss the PSL excitation in the framework of relevant processes depicted in Figure 4 Several interesting details can be remarked from the comparison of PLE and PSL excitation spectra displayed on Figure 6 .
Several free exciton transitions in hBN merge in the dominant peak of the PLE spectrum ( Figure 3c ) in the range of photon energies between 5.8 and 6.0 eV. 34 One remarkable feature in Figure 6 is the non-contribution of these excitons to the PSL excitation.
In fact, dissociation of excitons is required for a storage of distant charges, which results in PSL. This dissociation is only possible if the gain in energy due to the charge localization is greater than the exciton binding energy. Using this reasoning, we have previously set up the lower limit to the exciton binding energy:
. Two factors additionally contribute to the inhibition of exciton dissociation: its short lifetime and limited spatial extent. We have not observed free exciton luminescence in our hBN polycrystalline sample: the free excitons are rapidly bound to defects where a part of them recombine radiatively. The lifetime of free excitons in hBN is then small that reduces their dissociation probability. In a similar way, small exciton radius decreases the dissociation probability. The non-contribution of the free exciton of hBN to the PSL processes may be an indication of its small radius and tight binding energy.
The PSL excitation spectrum in Figure 6 follows below 5.7 eV the exponential growth of the PLE spectrum of q-DAP luminescence at 5.3 eV In the same publication we have reported a change in the q-DAP population mechanism at 5.7 eV. At this energy the q-DAP ionization takes place following Equations (2)- (3) and results in the regime crossover from Raman to photoluminescence. This can be ionization of either acceptor or donor states whatever is higher lying. Higher-energy photons between 5.7 and 6.0 eV efficiently produce hBN excitons, however they do not appreciably contribute to PSL. This is seen in Figure 6 in both PLE (E lum = 5.3 eV) and PSL spectra.
However, another sharp PSL excitation maximum is observed in the high-energy wing of the exciton absorption band at 6.1 eV. We can relate a high efficiency of the distant charge traps population at this energy to the ionization of acceptor or donor states whatever is lower lying.
Resuming, we attribute two spectral features observed at 7 . Our estimation of the hBN bandgap energy is in good agreement with that obtained from allelectron GW calculations recently performed by Arnaud et al. 34 . Moreover, taking the exciton transitions at 5.8 eV, we obtain the exciton binding energy of 0.7 eV. This disagrees with the Wannier-type exciton suggested by Watanabe et al. 1 and supports the Arnaud's prediction of the Frenkel-type exciton with strong binding energy 34 .
The shape analysis of PLE and PSL excitation spectra supports the obtained value of hBN bandgap energy. On Figure 7 we have plotted the PLE spectra of the bound excitons 34, 60, 61 as represented by vertical bar in Figure 7 . As well the plateau of the PLE spectra in the energy range between 6.1 and 6.5 eV is related to low-intensity excitonic transitions converging to the dissociation limit.
Interestingly, both PLE spectra coincide in the high-energy spectra range above 6.1 eV and follow the PSL spectrum until 6.5 eV. Above 6.5 eV the PSL grows faster while the intensity Figure 4 , the process I efficiently contributes to the distant traps population. This difference in shapes between the PLE and PSL spectra is therefore explained by interband transitions and supports well our bandgap energy estimation
Our final remark concerns the shape of PLE spectrum. From a general point of view, as long as the hBN can be considered as optically thin material, the shape of the PLE spectrum is expected to follow the intrinsic absorption spectrum. At higher absorbance, a saturation or even a decrease of PLE intensity appears as an intensification of non radiative recombination processes. Interestingly, we observe the indication of saturation effect around 6.5 eV in good agreement with our bandgap estimation.
V. Conclusion.
Photoluminescence of hexagonal boron nitride has been studied by means of the time- 
